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Linkage analysis in Rett syndrome families
suggests that there may be a critical region at

Xq28

T Webb, A Clarke, F Hanefeld, J-L Pereira, L Rosenbloom, C G Woods

Abstract

A whole X chromosome study of families
in which Rett syndrome had been diag-
nosed in more than one member indicated
that the region between Xq27 and Xqter
was the most likely region to harbour a
gene which may be involved in the aeti-
ology of the disease. Further, more de-
tailed studies of Xq28 detected weak
linkage and a higher than expected shar-
ing of maternally inherited alleles. It is
suggested that there may be more than
one gene involved in the aetiology of this
syndrome, particularly as the very rare
families in which more than one girl is
affected often show variable clinical

symptoms.
(¥ Med Gener 1998;35:997-1003)
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Rett syndrome is a severe progressive neurode-
generative disease which appears to affect
females only.' It is characterised by apparently
normal development for the first 6-18 months
of life followed by a marked deterioration. Not
only do the affected girls fail to continue to
develop normally but they lose skills already
acquired such as purposeful hand movement.
The syndrome finally leads to severe mental
handicap with acquired microcephaly, demen-
tia, autistic behaviour, gait apraxia, and stereo-
typic hand movements.” > Diagnosis is always
made from clinical signs and symptoms as
there is no known biochemical, cytogenetic, or
molecular marker associated with the syn-
drome. If such a marker were to become avail-
able it would not only aid in the differential
diagnosis of this syndrome, which despite its
severity has many variants including forme
fruste,* but would also further our understand-
ing of the neuropathological deterioration of
brain function which is so characteristic of this
disease.

Genetic studies are handicapped by the
absence of familial cases of Rett syndrome.
Despite the relative prevalence, which has been
estimated at about 1 in 10 000-1 in 15 000
girls,’ ° more than 95% of cases are sporadic.
This has led to the suggestion that the cause is
an X linked dominant condition which is lethal
in males with almost every case being the result
of a new mutation. Familial cases have
occasionally been reported, there is concord-
ance in monozygotic twins and discordance in
dizygotic twins, and geneological data from
Sweden suggest a genetic if complex aetiology.’

In familial cases where the affected girls are
half sisters or where an affected girl has an aunt
who has forme fruste, inheritance is always
through the maternal line. There has even been
one case of direct transmission from an
affected mother to her affected daughter.®

Two reports of girls with Rett syndrome and
chromosome translocations involving the short
arm of the X chromosome, Xp, raised the
possibility of localising an X linked disease
gene.” "' Disappointingly the breakpoints in the
two translocations (one in Xpl11.22 and the
other in Xp22.11, later revised to Xp21.3)
proved to be very far apart with no inversion or
deletion of intervening X chromosome mate-
rial.

Studies aimed at detecting possible disomy
of the X chromosome have proved negative'”
and those detecting skewing of X inactivation
have proved inconclusive. Although skewing
has been observed in girls with Rett syndrome
and it has invariably favoured the preferential
inactivation of the paternally inherited X
chromosome,” ' it occurs only occasionally
and is not particularly marked.

The paucity of familial cases of Rett
syndrome has limited molecular genetic inves-
tigations to searching for regions of the X
chromosome where affected family members
share maternally inherited alleles. This ap-
proach has been taken by various authors'>®
who have excluded much of the X chromo-
some as a potential site for a Rett syndrome
gene. Taken together, these studies indicated
that the centromeric region of the X chromo-
some lying between Xp21 and Xq25 is unlikely
to contain a gene for Rett syndrome. Unfortu-
nately, this excludes both of the breakpoints
involved in the two short arm translocations
previously reported in Rett syndrome girls."
The telomeric regions between Xp2l-Xpter
and Xq25-Xqter remained as candidate re-
gions until a recent paper from Xiang et al®
suggested that telomeric Xq was the more
likely.

The availability of DNA samples from a
small series of families with more than one
female with Rett syndrome prompted an inves-
tigation of loci on the X chromosome in an
attempt to clarify the mode of inheritance and
to determine whether there is a likely candidate
region.

Methods

Studies were carried out on genomic DNA
obtained from members of six families in which
more than one female had been diagnosed with
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Table 1 Markers on the X chromosome used in the study of Rett syndrome with published

distances from Xpter

Wang et Poutska et Wang et al”?  Fain et Gyapay et Donnelly et
Locus al”> (Mb)  al*' (Mb) (cM) al (cM)  al (cM) al”® (M)
DXS996 3.1 5.5 20.3 11.7 5 27.2
KAL 7.9 9 16.0
DXS987 17 19 49.2
DXS997 29.8 35 58.8 50.1 44 80.0
DXS538 31.4 69.4 58.0 89.1
DXS1068 32.2 41 70.5 61.8 53 90.7
DXS7125
DXS7 44.0 44 83.3 101.7
ARAF1 47.7 48
PFC 49.6 42.5 95.3 82.8 114.8
DXS991 54.4 56 98.6 85 117.0
DXS1000 55.1 54 94.4 84.2 85 123.4
DXS573
ALAS-2 56.8 55 120.6
AR 68.4 64 101.6 87.4 121.0
DXS983 91
DXS1111
DXS453 729 69 106.9 93.6 127.9
DXS559 74.9
DXS441 83.4 76 108.3 96.0
DXS995 92.3 83 108.5 96.0 94
DXS738 95
DXS1002 92.3 108.5
DXS986 92.6 74 108.6 96.0 95 130.8
DXS990 99.0 102
DXS458 100.7 96 120.4 107.4 144.9
DXS454 101.1 100 121.1 109.9 147.8
DXS1105 117.6 128.0
DXS571 109.5
Col4A5 117.6 127.7 108.5
DXS1001 129.4 148.3 124
DXS424 129.5 118 136.7 126.2 167.8
DXS1106 137.4 104 132.9 109.9 137
DXS994 144.8 120 162.3 147 137 191.3
DXS984 148.8 140.5 167.6 152.8 143 199.4
DXS998 152.8 151 191.5 175.1 160 2224
F8 163.0 158.5 206.6 187.9 234.7
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Rett syndrome. In all, 30 family members were
studied of whom 13 were affected. In family 1
an affected aunt-niece pair is related through
the female line, in families 3, 4, 5, and 6 there
are two affected sisters, while in family 2 there
are three affected sisters and one normal girl.
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Figure 1 Pedigree of family 1.
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Firstly, microsatellite analysis was performed
using a series of markers chosen for even
coverage of the whole of the X chromosome.
Initial screening was undertaken using a set of
primers available from Research Genetics Inc,
as data concerning their location within the X
chromosome could be obtained from the
Genethon map.” Over time, further markers
were used, either to fill in the gaps where cov-
erage was less dense or where the markers
proved to be uninformative in the families, or
to investigate further regions of interest. For
these latter markers, data were obtained from
published sequences and the primers pur-
chased from Life Sciences Technology. In this
part of the study 37 loci were investigated with
an average distance between them of about 4
cM.

Microsatellites were assayed by standard
methods in a final volume of 5 pl which
contained approximately 20 ng of genomic
DNA. Cycling conditions were assessed for
each individal primer pair and in order to con-
serve DNA, where annealing temperature and
product size permitted, they were used in mul-
tiplex reactions. Products were resolved on 6%
acrylamide gels and visualised by Kodak T-mat
L/RA film for between 3 and 72 hours accord-
ing to reaction efficiency.

The position of each locus and the distances
between them were compiled from published
maps.””** Although estimates of interlocus dis-
tances, both physical (Mb) and genetic (cM),
did vary between the different sources there
were very few discrepancies in the ordering of
loci (table 1).

After the initial screening of the X chromo-
some it was decided to investigate the Xq27-28
region in greater depth. Primers were selected
with an average heterozygosity of >70% aimed
at covering the Xq27-28 region of about 10 Mb
at an average spacing of about 1 Mb. Primer
sequences were obtained from published link-
age studies of other loci in Xq28 and, where
necessary, manufactured by Life Sciences
Technology. PCR amplification was carried out
according to the published protocols in the
original studies and the products separated on
6% acrylamide gels. Autoradiography took
between 3 and 72 hours.

Results

The pedigrees of the families are shown in figs
1-6. In fig 7, the shaded areas indicate regions
where affected family members share mater-
nally inherited alleles at loci from the X
chromosome. Columns 1, 2, and 3 depict shar-
ing by the sister-sister pairs (II.2/I1.3, I1.2/I1.4,
and I11.3/I1.4) from family 2 and columns 4, 5,
and 6 show sharing of maternal alleles by three
sister-sister pairs from families 3, 4, and 5,
respectively. The last three columns show allele
sharing between the unaffected sister from
family 2 (II.1) and each of her three affected
sisters (I1.2, I.3, and I1.4). In these columns
the shaded areas correspond to regions of non-
concordant inheritance of maternal alleles
between the affected girls and their normal sis-
ter. It can be seen that there is no region of the
X chromosome between DXS996 (in Xp22)
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Family name : Rett3

Family name : Rett2
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Figure 2 Pedigree of family 2.

and DXS1106 (in Xq26) where affected family
members all share maternally inherited alleles.
However, distal to Xq26 an increased level of
allele sharing was detected prompting further
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Figure 3  Pedigree of family 3.
Table 2 Markers in Xq28 used in the study of Rett syndrome
Distance from Xpter in  Distance from Xpter in
Locus Mb (Nelson et al’) cM (Fain et al*) Position Reference
DXS998 150 175.1 Xq27.3 31
AC-2 151.5 175.7 Xq27.3 32
DXS731 176.3 Xq28 33
DXS1691 152.1 Xq28 34
DXS1123 152.8 177.0 Xq28 23
DXS7423 154.28 Xq28 35
p26 156.7 Xq28 36
P39 156.7 Xq28 36
F8int13 158.9 187.0 Xq28 37
F8int22 Xq28 38
DXS1108 159.8 190.0 Xq28 27
DXYS154 159.9 Xq28-qrer 27

Markers Alleles C] Q
994 1,2,3
984 1,2,3
998 1,2,3 2 1 2
AC-2 1,2 1 2 2
731 1,2,3 1 3 2
1691 1,2,3 2 1 2
1123 1,2,3 2 1 3
7423 1,2,3 2 2 1
p26 1,2,3 1 2 3
39 1,2,3 2 1 2
8 1,23 3 1 2
F822 1,2,3 3 2 1
$1108 1,2,34 ; g 21’
S154 1,2,3 6 2 & 2 1 ‘ ‘
1 2 3
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investigation of the Xq27-28 region. The
increased level of sharing detected at DXS994,
DXS984, DXS998, and F8 is illustrated in fig
8.

For distal Xq, further loci were studied with
intermarker distances of between 0.1 and
about 2 Mb. The relative positions of the
marker loci and the distances between them
were obtained from Fain ez a/* and Nelson et
al’® and are shown in table 2.

LINKAGE ANALYSIS

As only a few families were available for study,
in order to see whether X linkage is in fact
likely, two point analysis was performed
between the disease and each locus in turn
using the programme LIPED.* The syndrome
was assumed to be fully penetrant and to have
a gene frequency of 0.0001.The lod scores are
shown in tables 3 and 4.

Haplotype construction was carried out
using Cyrillic version 2.0. The maximum lod
scores obtained for each locus and the approxi-
mate distances between them are shown in
table 3. A further seven loci studied are not
shown as more than one family was found to be
uninformative. In one family in particular, the
mother was often homozygous.

Inspection of table 3 shows that the lod
scores are negative throughout almost the
whole of the X chromosome. Weakly positive
scores were observed in four places, around
DXS987-DXS538 in Xp22, between DXS7
and ARAFI1 in Xpl1, between DXS1111 and
DXS559 in Xql2, and at the Xq telomeric
region. The most positive scores were for
DXS994 and F8 where Z=1.502 at 6=0.001
(table 3).

In Xg28 a positive lod score was obtained at
each of the loci tested with the exception of
DXS1691. At this locus, however, family 2 was
uninformative so there were correspondingly
fewer meioses. The highest lod score obtained
was at DXYS154 where Zmax=1.935 at 6=0.
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Table 3 Lod scores for X linked loci obtained for families with Rett syndrome

Locus Mb 0.001 0.05 0.1 0.2 0.3 0.4 Zmax 6
DXS996 3.1 —4.496 -1.184 -0.673 -0.254 -0.088 -0.019 -0.019 0.4
KAL 4.8 -4.796 —1.442 -0.888 -0.388 -0.152 -0.036 -0.036 0.4
DXS987 8.0 -6.594 -1.626 -0.861 -0.244 -0.018 0.042 0.042 0.4
DXS997 1.6 ~2.398 -0.721 -0.444 -0.194 -0.076 -0.018 -0.018 0.4
DXS538 13.9 -6.833 -1.884 -1.077 -0.378 -0.082 0.025 0.025 0.4
DXS1068 0.8 -2.398 -0.721 —-0.444 -0.194 -0.076 -0.018 -0.018 0.4
DXS7125 -2.098 -0.463 -0.229 -0.060 -0.012 -0.001 -0.001 0.4
DXS7 7.8 -1.797 -0.185 0.026 0.144 0.135 0.078 0.144 0.2
ARAF1 3.7 -1.798 -0.205 -0.014 0.074 0.052 0.016 0.074 0.2
PFC 1.9 —4.496 -1.184 -0.673 -0.254 -0.088 -0.019 -0.019 0.4
DXS991 4.8 —4.796 -1.442 -0.888 —0.388 -0.152 -0.036 -0.036 0.4
DXS988 2 —2.398 -0.721 -0.444 -0.194 -0.076 -0.018 -0.018 0.4
DXS1000 1.1 -2.098 -0.463 -0.229 -0.06 -0.012 -0.001 -0.001 0.4
DXS573 -4.496 -1.184 -0.673 -0.254 -0.088 -0.019 -0.019 0.4
ALAS-2 2.4 -9.417 -2.905 -1.816 -0.846 —0.386 -0.134 -0.134 0.4
AR 11.6 -7.019 -2.184 -1.372 -0.652 -0.31 -0.116 -0.116 0.4
DXS1111 -1.497 0.073 0.245 0.278 0.198 0.095 0.278 0.2
DXS453 45 -6.594 -1.626 -0.861 -0.244 -0.018 0.042 0.042 0.4
DXS559 2.0 -3.895 -0.66 -0.203 0.084 0.123 0.077 0.123 0.3
DXS441 8.5 -4.496 -1.184 -0.673 -0.254 -0.088 -0.019 -0.019 0.4
DXS995 8.9 -2.098 -0.463 -0.229 -0.06 -0.012 -0.001 -0.001 0.4
DXS738 -4.797 -1.463 -0.928 -0.458 -0.234 -0.097 -0.097 0.4
DXS1002 0 —4.496 -1.191 —-0.686 -0.276 -0.113 -0.038 -0.038 0.4
DXS986 0.3 —6.894 -1.926 -1.157 -0.518 -0.245 -0.099 -0.099 0.4
DXS990 6.4 -4.496 -1.184 -0.673 -0.254 -0.088 -0.019 -0.019 0.4
DXS458 1.7 -9.893 -3.113 -2.031 —0.980 -0.450 -0.151 -0.151 0.4
DXS454 0.4 -4.496 -1.184 -0.673 -0.254 -0.088 -0.019 -0.019 0.4
Col4A5 9.5 -4.796 -1.462 -0.888 -0.388 -0.152 -0.036 -0.036 0.4
DXS1105 -7.195 -2.184 -1.372 -0.652 -0.309 -0.116 -0.116 0.4
DXS571 1 -7.195 -2.184 -1.372 -0.652 -0.309 -0.116 -0.116 0.4
DXS1001 7.0 -3.896 -0.647 -0.202 0.084 0.122 0.077 0.122 0.3
DXS424 11.9 -4.196 -0.926 -0.458 -0.12 -0.024 -0.002 -0.002 0.4
DXS1106 7.9 -4.496 -1.184 -0.673 -0.254 —0.088 -0.019 -0.019 0.4
DXS994 7.4 1.502 1.329 1.15 0.79 0.445 0.162 1.502 0.001
DXS984 4.0 -6.894 -2.605 -1.114 -0.437 -0.175 -0.052 -0.052 0.4
DXS998 4.0 -1.498 0.051 0.196 0.188 0.077 0.014 0.196 0.1
F8 9.2 1.502 1.330 1.150 0.790 0.444 0.162 1.502 0.001

Figures in the column marked Mb refer to interlocus distances.

ALLELE SHARING

As there are no three generation families in
which to conduct linkage studies and the
mode of inheritance is still unknown, investi-
gations have concentrated on the production
of exclusion maps derived from the sharing of
maternally inherited alleles on the X chromo-
some. In this study, sharing of informative
maternal alleles by affected sibs indicates that
only Xq27-28 cannot be excluded as a poten-
tial site for a Rett syndrome gene (figs 7 and
8). In family 2, there is no concordance
between the three affected sisters from Xpter
until DXS994. In family 3, the two affected
girls show discordance from Xpter to Xpll
but are concordant thereafter at 21 informa-
tive loci. In contrast, family 4 showed
concordance at Xp22 but then the sisters did
not inherit the same maternal allele at
informative loci until DXS1001 in Xqg24.
Although a double crossover is always a

possibility, there were 17 loci studied between
these points with an average spacing of only 7
Mb.

ALLELE SHARING AT LOCI IN THE Xq27-28 REGION
Family 1 (fig 1)

In family 1, the mother of the proband and her
affected sister share maternal alleles at
DXS998 and DXS731, but then a recombina-
tion event means that they have inherited
different alleles at DXS1691, DXS7423,
DXS1123, and p26. Distal to p26 the grand-
mother is homozygous and hence uninforma-
tive until DXS1108 is reached, where her two
daughters are again discordant. At DXYS154,
the grandmother is once again homozygous.
Thus, the affected girl and her aunt may not
have much of the Xq28 region in common.
Even where the aunt and her sister (the mother
of the proband) do share grandmaternal alleles,
that is, at DXS998 and DXS731, the proband

Table 4 Lod scores for loci at Xq28 in families with Rett syndrome

Lod score 0

Locus 0.001 0.05 0.1 0.2 0.3 0.4 Zmax 0
DXS998 —-1.498 0.051 0.196 0.188 0.077 -0.014 0.196 0.1
AC-2 1.202 1.072 0.935 0.656 0.380 0.135 1.202 0.001
DXS731 -1.198 0.309 0.411 0.322 0.141 0.003 0.411 0.1
DXS1691 -4.136 -0.926 -0.458 -0.06 -0.012 -0.024 -0.012 0.3
DXS1123 -2.995 0.146 0.478 0.536 0.356 0.03 0.536 0.2
DXS7423 -1.198 0.309 0.454 0.392 0.222 0.065 0.454 0.1
p26 -3.895 -0.649 -0.208 -0.064 0.082 0.03 0.082 0.3
p39 0.901 0.793 0.68 0.452 0.234 0.066 0.901 0.001
F8int13 1.502 1.330 1.150 0.790 0.444 0.162 1.502 0.001
F8int22 1.502 1.330 1.15 0.79 0.44 0.162 1.502 0.001
DXS1108 -3.295 —-0.246 0.007 0.198 0.146 0.047 0.198 0.2

DXYS154 1.686 1.645 1.365 0.852 0.421 0.117 1.686 0.001
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Figure 4 Pedigree of family 4.
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has inherited grandpaternal alleles.These two
loci are, however, at the Xq27-28 border, the
most proximal part of the region studied, and
are only 1 cM apart.*® The grandmother is
homozygous at five of the 12 loci investigated
and her affected grandaughter appears to have
inherited a grandmaternal X chromosome
from DXS1691-DXYS154 inclusive.

Family 2 (fig 2)

The three affected girls in this family share
maternal alleles distributed throughout the
whole of Xq28. Their unaffected sister has
inherited the alternative maternal allele at all
informative loci. No crossovers were observed
within the region.

1001

Family 3 (fig 3)

The two affected girls in this family also share
maternally derived alleles throughout the
entire Xq28 region from DXS998 through to
and including DXYS154.

Family 4 (fig 4)

In contrast, the two affected sisters in this fam-
ily are discordant for maternal alleles from
DXS998 to DXS1108. Only DXS994 and
near the telomere at DXYS154 do they appear
to have inherited the same maternally derived
allele. This implies that there has been a
crossover between DXS1108 and DXYS154,
which are only about 100 kb apart. Freije et al”’
found one recombination event between these
two loci in 238 informative female meioses. In
this family, the mother is homozygous for six of
the 12 loci studied and unfortunately the fam-
ily was uninformative at both DXS998 and F8.

Family 5 (fig 5)

The two affected sisters in family 5 share the
same maternal alleles from DXS994 in Xq27
through to and including DXYS154 in Xqter.
Grandparental samples were obtained for this
family, which showed that the maternally
inherited Xq28 alleles present in the affected
girls originated from the maternal grand-
mother. No crossovers were observed within
the region in this family.

Family 6 (fig 6)

The two affected sisters in this family have
again inherited the same maternal allele at all
informative loci in Xg28 from DXS731 to
DXYS154.

Simple y° calculations of observed versus
expected sharing of alleles according to the
method of Ott*® indicate that in these six fami-
lies there is significant sharing by affected sib
pairs above that expected: at F8, p=0.025 and
at DXYS154, 0.01>p>0.005.

2

Discussion
A study of six families with more than a single
female affected with Rett syndrome has shown
weak linkage to loci in Xq28 with a maximum
lod score of 1.935 at 6=0 at DXYS154 located
close to the Xq telomere. The lod score does
not quite reach 2.0, which is the accepted level
at which linkage is felt to be shown, but a posi-
tive score was obtained at 11 of 12 loci investi-
gated (table 4). At DXS1691, the only locus
with a negative score, the mother of family 2 is
uninformative. This family has had the greatest
effect on the results of this study, as not only
are there three affected sisters but this is the
only family with an unaffected sister also.
Previous to this study and that of Xiang ez
al,” sib pair analysis of shared alleles in Xq28
had been investigated in three families. In one
of these families (RS3), affected half sisters
shared maternal alleles at DXS15 and
DXS134' and also at GABRA3, DXS13, and
DXS52" In a second family (RS1), full sisters
showed concordance at DXS52 and F8,'® while
in the third family Ellison et al'” showed that a
second pair of half sisters shared maternal alle-
les at GABRA3 and DXS13, while DXS52 was
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Figure 6 Pedigree of family 6.
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Figure 7 Allele sharing at loci on the X chromosome between pairs of sibs from families in
which Rett syndrome is segregating. Shaded areas denote regions of sharing of maternally
inherited alleles in affected sib pairs and discordant sharing between an affected girl and the

unaffected sister from family 2.
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Figure 8 Allele sharing at loci in Xq27-28 between pairs of sibs affected with Rett
syndrome. Shaded areas denote shared maternally inherited regions.
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uninformative. None of these studies detected
any discordant inheritance of maternal alleles
from Xq28 in affected sib pairs. Xiang et al*’
recently investigated families with more than
one affected female and concluded that the
most likely region for a locus for Rett syndrome
was distal Xq. Families 6, 7, and 9 in the study
performed by Xiang ez al® correspond to fami-
lies 3, 4, and 2 in this study, different markers
were used, and the same conclusions reached
independently.

XQq27-28 is a very gene rich region and more
than one syndrome with mental handicap and
neurological signs and symptoms has already
been identified within it. The gene for
GABRA3, a member of the ubiquitous
y-aminobutyric acid neurotransmitter receptor
family, is located in Xq28,” as is L1CAM, the
neural cell adhesion molecule L1. Specific
mutations of the L1CAM gene are known to
cause MASA syndrome, which is characterised
by mental retardation, aphasia, and gait
apraxia.”” L1ICAM is expressed in the brain of
both children and adults and different gene
mutations have been found to cause a wide
variety of neurological symptoms. Both the
GABRA3 and L1CAM genes must be consid-
ered to be strong candidates for involvement in
any neurodegenerative disease found to be
linked to Xq28. However, there have been
some false reports of linkage of certain other
conditions to the region™ and in this study the
lod scores do not quite reach significance so
these results must be interpreted with caution.
An X chromosome wide linkage study found
no evidence of a gene for Rett syndrome
anywhere else on the X chromosome.

Searches for consistent cytogenetic abnor-
malities, disomy, or abnormalities of X inacti-
vation have failed to detect any marked altera-
tion in the behaviour of the X chromosome in
Rett syndrome. This has led to the suggestion
that the disease may not be X linked at all but
is autosomal with sex limitation'’ or that it is
the result of a high level of germline mutation
in the fathers.” An alternative explanation for
both the clinical and the molecular findings
might be that there is not one single gene
responsible for the syndrome but one or more
autosomally located and one or more X linked.
The presence of more than one predisposing
gene would also help to explain the great
preponderance of sporadic rather than familial
cases. If there is an X linked gene involved in
the aetiology, then it is most likely to lie in
Xq28.

We would like to thank Dr G McCarthy for referring family 1
and Professor N Morton for reading the manuscript.
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